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The present study deals with interaction of two air pollutants: dibenzodioxin, DD, and its’ mono-
chlorinated derivative, 2-chlorodibenzodioxin, 2CLDD, with models of the lung surfactant (LS) system. A
monolayer composed of DPPC and POPC in 1:1molar ratio was used as a model of LS. One component
monolayers of DPPC and POPC were also examined, to model the interiors of LC and LE domains in LS,
respectively. Molecular dynamics simulations and measurements of surface pressure isotherms, as well
as polarization modulation-infrared reﬂection-absorption spectra were employed to study the inﬂuence
of dioxins on the monolayers. We demonstrate, that both dioxins adsorb and accumulate in the hy-
drophobic parts of all three monolayers. DD molecules prefer ﬂat orientation on the surface at large
areas. Upon compression, they lift and orient perpendicularly to the monolayer. Flat orientation of DD
molecules leads to their large surface area. In consequence they preferentially locate in vicinity of un-
saturated chains of POPC e they are small enough to ﬁll void spaces created by kinks in unsaturated
chains. 2CLDD orient along monolayer normal already at the largest areas and preference for POPC was
not observed for them. In laterally relaxed states, a condensing effect, connected with reduction of
surface area available to the lipids was observed for both dioxins. In the case of 2CLDD, additional locally
ordering inﬂuence of dioxin molecules was detected. In compressed states, the presence of dioxin
molecules hinders alignment and uniform ordering of lipid chains.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).(A. Stachowicz-Kusnierz),
r Ltd. This is an open access articl1. Introduction
In air-breathing animals effective gas exchange requires large
surface of contact between the ambient air and blood. It is coverede under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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water phase boundary. Due to large surface tension of water, sus-
taining this surface and expanding it at inhalation would require a
large amount of energy. In order to reduce surface tension, the
interface is covered with a surface active material - lung surfactant
(LS), which forms a monolayer on the interface, and consequently
reduces the work of breathing and prevents alveolar collapse at the
end of exhalation.
In most mammalian species LS is primarily composed of phos-
pholipids (85wt%) (Veldhuizen et al., 1998). Among them, phos-
phatidylcholine (PC) is the most abundant (70e85wt%) (Goerke,
1998). About 50wt% of the total PC pool is the disaturated dipal-
mitoylphosphatidylcholine (DPPC). The remaining 50% contains PC
with either mono- or diunsaturated alkyl chain in the sn-2 position
(Serrano and Perez-Gil, 2006). Other lipids present in LS include
anionic phosphatidylglycerol and phosphatidylinositol, phospha-
tidylethanolamine, and cholesterol. LS also contains c.a. 10wt% of
surfactant-associated proteins (Orgeig et al., 2010). They belong to
two groups: hydrophilic proteins, which reside in the aqueous
subphase and take part in innate defense mechanisms (Perez-Gil,
2008), and hydrophobic proteins, which are associated with the
lipids. Hydrophobic proteins are crucial for surface activity of LS.
They assist initial lipid adsorption and their cycling between the
surface and 3-dimensional surface-associated reservoirs (Duncan
and Larson, 2010).
In the equilibrium state, the presence of LS reduces surface
tension, g, to an equilibrium spreading value of
geq¼ 20e27mNm1 (Veldhuizen et al., 1998). However, during
breathing cycles alveolar surface area oscillates in the range of
25e30%, resulting in alternate compression/decompression of LS.
This process is accompanied by g changes betweenz30mNm1 at
full inhalation to z0mNm1 at the end of exhalation (Schurch
et al., 1976; Schürch, 1982). The exact mechanism of this process
is still under debate (Piknova et al., 2001; Engelskirchen, 2007).
According to, the most commonly accepted, modiﬁed squeeze-out
model (Zhang et al., 2011; Keating et al., 2012), LS reaches near zero
surface tension by forming a highly ordered liquid condensed (LC)
phase. At physiological temperature, this is only possible for DPPC,
since other lipids are above the critical temperature for the phase
transition. In native surfactants, existence of LC domains, composed
mainly of DPPC, embedded in a disordered liquid expanded (LE)
phase has been conﬁrmed experimentally (Zuo et al., 2008). LE
phase contains mostly unsaturated and anionic lipids, as well as
hydrophobic proteins. During compression/decompression LE
phase cycles between the surface and a network of multi-layered
3D structures associated with the interface.
The current study focuses on interactions between a lung sur-
factant model lipid system and two air pollutants potentially
harmful to it, namely: dibenzo-p-dioxin, DD, and its mono-
chlorinated derivative, 2-chlorodibenzo-p-dioxin, 2CLDD (Scheme
S1 and Table S1 in Supplementary Materials). Polychlorinated de-
rivatives of DD (PCDD) constitute a class of dangerous environ-
mental pollutants of mainly anthropogenic origin (Kulkarni et al.,
2008; Dopico and Gomez, 2015). Their most important source in
the atmosphere are combustion processes, such as: municipal and
medical waste incineration, backyard burning of waste, and open
ﬁres. Toxicity of PCDDs is well documented (White and Birnbaum,
2009; Tavakoly Sany et al., 2015) and their release has been greatly
limited thanks to technological progress and regulations imposed
on industry (Comission, 2001; Davy, 2004). However, little atten-
tion is payed to the low chlorinated derivatives of DD (mono-to tri-
chlorinated DD, LCDDs). The reason for that is their relatively low
toxicity, as compared to compounds with four or more chlorine
atoms. Unlike PCDDs, LCDDs do not bind to the aryl hydrocarbon
receptor (AhR), therefore their international Toxic EquivalentFactors are zero (Van den Berg et al., 2006). According to IARC
(International Agency for Research on Cancer) classiﬁcation of
chemical compounds, DD is considered “not classiﬁable as to its
carcinogenicity to humans” (group 3) (World Health Organization,
1997). Nevertheless, LCDDs can still be deleterious to the LS system.
The levels of LCDDs released in combustion processes are compa-
rable to those of PCDDs (Gullett and Wikstrom, 2000; Liu et al.,
2013). Yet, decreasing the number of Cl atoms increases volatility
of DDs and reduces their deposition on ash particles. Therefore,
larger amounts of LCDDs can be released to the atmosphere, as
compared to PCDDs. Recent studies have conﬁrmed that LCDDs can
dominate over PCDDs in ambient air samples (Zhang et al., 2016),
and that they can travel long distances in the atmosphere (Han
et al., 2016).
Dioxins are known for their hydrophobicity and tendency to
accumulate in fatty matter. Therefore, it can be expected that they
interact strongly with LS lipids and amass on the surface. In our
previous studies we have demonstrated that such impurities can
perturb phase behavior of lipid monolayers (Korchowiec et al.,
2008, 2011, 2016a, 2016b; Stachowicz-Kusnierz et al., 2017). The
effect can be either ordering or disordering. In the ﬁrst case, highly
ordered domains emerge in the vicinity of foreign molecules. In the
second, pollutant disturbs lipid packing and often precludes for-
mation of LC phase. Both of these effects can lead to changes in
mechanical properties of LS, and in consequence to its malfunc-
tioning and respiratory disorders.
2. Materials and methods
2.1. Materials and reagents
The chemical structures of the compounds employed in this
study are shown in Scheme S1. Synthetic 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) and 1-palmitoyl-2-oleyl-sn-glycero-
3-phosphocholine (POPC) (all >99% pure) were purchased from
Avanti Polar Lipids. Dibenzo-p-dioxin (DD) and 2-chlorodibenzo-p-
dioxin (2CLDD) (both >99% pure) were from AccuStandard. Spec-
trophotometric grade chloroform (99.9% pure), used for preparing
solutions, was purchased from Sigma-Aldrich. Ultrapure water
(Milli-Q, Millipore) with resistivity of 18MU cm and a surface
tension of 72.8mNm1 at 20 C, (pH 5.6) was used as subphase.
2.2. Surface pressure measurement
The surface pressure (P) measurement was carried out with a
KSV 2000 Langmuir balance (KSV Instruments, Helsinki, Finland). A
Teﬂon trough (58 15 1 cm) with two hydrophilic Delrin barriers
providing a symmetric compression was used in all experiments.
Surface pressure measurements were carried out using the Wil-
helmy plate method. The apparatus was closed in a Plexiglas box
and the temperature was kept constant at 25 C. Before each
measurement, the trough and the barriers were cleaned using
cotton soaked in chloroform, then ethanol and then rinsed with
Milli-Q water. All impurities were removed from the subphase
surface by sweeping and suction. The surface pressuree area (P-A)
isotherms were measured for lipid monolayers, 1:1 binary mixture
of DPPC and POPC, as well as their mixtures containing 0.1mol
fraction of DD or 2CLDD. The monolayers were spread from cali-
brated solutions of accurate concentrations (0.5mgmL1) using a
microsyringe (Hamilton Co., USA). After the equilibration time of
20min, the ﬁlms were compressed at the rate of 5mmmin1 by
two symmetrically moving barriers. A PC computer and KSV soft-
ware were used to control the experiments. Each compression
isotherm was performed at least three times. The subphase tem-
perature was maintained constant using Lauda RE 104 thermostat.
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±0.5Å2 on mean molecular area (A), and ±0.2mNm1 on surface
pressure.
2.3. Polarizationemodulation infrared reﬂectioneabsorption
spectroscopy
The PM-IRRAS spectra of pure 1:1 binary mixture of DPPC and
POPC, as well as the mixture containing 0.1mol fraction of DD or
2CLDD spread on water subphase were acquired at 25 C. The PM-
IRRAS measurements were performed using a KSV PMI 550 in-
strument (KSV Instruments Ltd., Helsinki, Finland). A detailed
description of the experimental set up can be found in our previous
paper (Czapla et al., 2011). The PM-IRRAS spectra of the ﬁlm-
covered surface, S(f), as well as that of the pure water, S(w), were
measured and the normalized difference DS/S¼ [S(f) e S(w)]/S(w)
is reported. In total, 6000 interferogram scans (10 scans per second)
have been acquired for each spectrum. The spectral range of the
device is 800e4000 cm1, and the resolution is 8 cm1.
2.4. Molecular dynamics simulations
LS models were prepared as two monolayers of 100 lipids
distributed on a regular rectangular grid. A slab of 30 000 water
molecules was placed between them. These structures were
equilibrated via energy minimization, followed by 10 ns of NVT
simulation at 298 K. Further, the systems were simulated at con-
stant temperature (298 K), normal pressure (1 bar), and surface
tension target ranging from 120 to 0mNm1. From these simula-
tions, systems with mean molecular area (MMA) of 1.00, 0.90, 0.80,
0.70 and 0.60 nm2 molecule1 (corresponding to total surface area
of 100, 90, 80, 70, and 60 nm2) were selected. For DPPC additional
area of 0.55 nm2 molecule1 (surface area 55 nm2) was also
selected, to account for the highly compressed states obtained for
this lipid at large surface pressures. For every system,10mol%, i.e.11
dibenzo-p-dioxin molecules, was introduced into each monolayer
and NVT (at 298 K) equilibrationwas performed for 20 ns. Based on
selected snapshots, DD molecules were changed to 2CLDD by
replacing hydrogen atom at position 2 with chlorine. All the sys-
tems, including those without impurities, were then subject to 25
ns of NVT equilibration at 298 K and 100e200 ns of production
simulation. In production runs stabilization of surface tension was
used as a termination criterion. Surface tensionwas computed with
the formula:
g ¼ lz
2

pzz  pxx þ pyy2

(1)
where lz is the height of the simulation box, and pii are the diagonal
pressure tensor components in the direction normal (pzz), and
lateral (pxx, pyy) to the monolayer. Standard deviations of the g
values were within 6mNm1. Such large values are inherent to the
adapted protocol of the surface tension calculation. P-A isotherms
were constructed with the use of surface pressure, P, deﬁned as:
P¼go  g (2)
where go is the surface tension of pure water subphase. An
experimental value of 72mNm1 was adopted for g0 (Vargaftik
et al., 1983).
Preparatory simulations were performed with NAMD (Phillips
et al., 2005) program, while production runs were done in Gro-
macs 2018 (Abraham et al., 2015). All-atom CHARMM36 force ﬁelds
were used for lipids (Klauda et al., 2010) and dibenzo-p-dioxin
(Vanommeslaeghe et al., 2010) molecules, whereas 4-point OPCmodel (Izadi et al., 2014) was used for water. Such combination of
force ﬁelds was recently shown to yield a very good agreement
between calculated and experimental П-A isotherms for DPPC and
POPC (Javanainen et al., 2018). Dioxinmolecules were parametrized
according to procedure described in Mayne et al. (2013), using the
graphical force-ﬁeld toolkit available in VMD package (Humphrey
et al., 1996). The procedure included geometry optimization at
MP2/6-31G* level of theory, ﬁtting of atomic charges, based on the
energies of interaction with water molecules, and ﬁtting of the
missing dihedral angle parameter between oxygen atoms (1,4-
dioxin bridge). The charges obtained for chlorine atoms were
split into the core charge and the lone pair region, corresponding to
the sigma hole (Soteras Gutierrez et al., 2016). The sigma hole
charge was ﬁxed at 0.05 e and positioned at 0.164 nm from the
chlorine atom. The remaining charge of the carbon-chlorine group
was distributed in such way that reproduced the molecular dipole
moment, derived from the original molecular geometry and
remaining atomic charges. The quantum-chemical calculations
were performed with Gaussian 09 package (Frisch et al., 2009). In
all simulations periodic boundary conditions were applied in all
three directions. In order to eliminate unphysical interactions be-
tween replicas in the direction perpendicular to the monolayers (z)
the box length in this direction was increased to 100 nm. In pre-
paratory simulations, Langevin thermostat and barostat (Feller
et al., 1995) were used to control the temperature and pressure.
Production simulations were carried out in NVT ensemble, with
velocity rescaling applied to control the temperature. A time-step
of 1 fs was used in preparatory simulations. In production runs it
was increased to 2 fs and all bond lengths involving hydrogen
atoms were frozen at equilibrium values with the use of LINCS al-
gorithm (Hess et al., 1997). In all simulations 1.2 nm cut-off was
used for van der Waals interactions and full electrostatics was
calculated with PME method (Darden et al., 1993).
Trajectories were visualized with VMD package (Humphrey
et al., 1996). Trajectory analysis was performed with home-
developed programs, VMD, and Gromacs tools. All computed
properties were averaged over the two monolayers present in each
system. The only exception were the density proﬁles along mono-
layer normal. Deuterium order parameters were calculated with a
home developed program according to the formula:
Smol¼  2SCD (3)
SCD ¼
1
2

3< cos 2q>  1

(4)
where q is the angle between CeH bond andmonolayer normal and
<> denote averaging over time, molecules, and both CeH bonds
formed in each CH2 group. rdf, density, gangle and msd tools from
Gromacs were applied to calculate radial pair distribution func-
tions, g(r), density proﬁles along monolayer normal, tilt angles
between various system components and monolayer normal, and
diffusion coefﬁcients, respectively. Headgroups hydration was
calculated from three-dimensional radial pair distribution func-
tions. For each of the atoms of interest the position of the ﬁrst
minimum in the g(r) curve was located. The number of water
molecules was then determined as the value of integrated g(r) up to
this point. Similar procedure was employed in the calculation of
average number of carbon atoms from lipid chains in the ﬁrst co-
ordination shell of dioxin molecules.
3. Results and discussion
LS model employed in this study was composed of DPPC and
POPC (Scheme S1) in 1:1molar ratio. One-component monolayers
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studied to model interiors of LC and LE domains in LS, respectively.
The inﬂuence of impurities on global properties of the monolayers
were studied by means of surface pressure-area (P-A) isotherms.
Additional detailed information was obtained from PM-IRRAS
measurements and atomistic molecular dynamics (MD) simula-
tions at varying surface areas. The concentration of 10 mol% was
chosen for DD and 2CLDDmolecules. This is a rather high value, but
allows us to elucidate clear trends in the inﬂuence of impurities on
the monolayers. Moreover, since dioxins accumulate in lipids, such
concentrations can be reached in real systems upon long-time ex-
posures. In summary, nine systems were examined. They include
three lipidic compositions of the monolayer: DPPC, POPC, and their
1:1 mixture (MixPC). The systems without dioxin molecules will be
referred to as pure DPPC, POPC, and MixPC monolayers. The
remaining six systems include three monolayers with DD mole-
cules (DPPC þ DD, POPC þ DD, MixPC þ DD) and three monolayers
with 2CLDD molecules (DPPCþ2CLDD, POPCþ2CLDD,
MixPCþ2CLDD).3.1. Surface pressure isotherms
Global physicochemical properties of monolayers of surface
active species are routinely examined via surface pressure-area
isotherms. Reproduction of experimental isotherms can also be
regarded as a good criterion for assessing the quality and reliability
of results obtained from simulations of Langmuir monolayers. In
order to compare simulated surface tensions at varying mean
molecular area (MMA) with experimental isotherms, the former
have to be converted into surface pressures (P). This requiresFig. 1. Left: calculated P-A isotherms obtained in this study (black points) for pure DPPC (a)
from the literature. Literature data is taken from references: Lai et al. (1994), Lee et al.(2006
Olzynska et al. (2016), Javanainen et al. (2018). Right: (c) Calculated (points) and experiment
systems obtained in this study together with literature data from Olzynska et al. (2016) (
isotherms are shownwith points. All isotherms correspond to 298 K and pure water subphas
of water.adoption of a speciﬁc value for the surface tension of water (g0, see
equation (2)), which can sometimes be problematic due to known
problems of common MD force ﬁelds with reproducing the
experimental value for g0 (Vega and de Miguel, 2007; Zakharov
et al., 1998). For this reason, in the present study the 4-point OPC
model was employed for water. This model was recently shown not
to suffer from the above drawback and allows employment of
experimental value for g0¼ 72mNm1 (Javanainen et al., 2018).
Fig.1 presents experimental and calculatedP-A isotherms obtained
in this study, together with some literature data available for
monolayers without dioxins. In panels (a) and (b) of Fig.1 isotherms
for one component monolayers of pure DPPC and pure POPC are
presented. It can be seen that for DPPC monolayer experimental
results available in the literature show large discrepancies, which
may be connected with various experimental details, such as the
type of experimental apparatus, choice of spreading solvent or
different mode and rate of compression. It has been shown that
these factors can have a large impact on the stability of DPPC
monolayers on the air-water interface and hence the isotherms
(Munden and Swarbrick, 1973; Goerke and Gonzalez, 1981;
Wüstneck et al., 2000; Duncan and Larson, 2008). From this point of
view, agreement between the isotherm calculated in this study and
literature data can be considered as satisfactory. Qualitative
reproduction of the plateau corresponding to the transition from LE
to LC phase can be seen. Except for the point corresponding to
0.70 nm2 molecule1, calculated surface pressures agree well with
the isotherms of Olzynska et al. (2016) and Eftaiha et al. (2012). At
0.70 nm2 molecule1 the agreement is slightly worse. The same
behavior was observed in the simulations of Javanainen et al. (2018)
who explain it with hampered equilibration of the system in theand pure POPC (b) monolayers compared with experimental and simulated isotherms
), Shen et al. (2006), Prenner et al. (2007), Eftaiha et al. (2012), Ceccarelli et al. (2015),
al (lines) P-A isotherm for MixPC (black), MixPC þ DD (red), and MixPCþ2CLDD (grey)
green line). In all panels experimental isotherms are drawn with lines and simulated
e. In the calculated isotherms a value of 72mNm1 was adopted for the surface tension
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monolayer, the agreement between the calculated and experi-
mental surface pressures is very good. The results obtained here
agree with experimental results of Olzynska et al. (2016) and Lai
et al. (1994) in the whole MMA range. The experimental isotherm
of Prenner et al. (2007) clearly differs from other experimental and
computational results, which is probably due to differences is
experimental setup (Huynh et al., 2014).
Panel (c) of Fig. 1 shows experimental and calculated isotherms
for the MixPC, MixPCþ DD andMixPCþ2CLDD systems obtained in
this study. Experimental isotherm recorded by Olzynska et al.
(2016) for MixPC is also shown for comparison. The agreement
between experimental and calculated results is reasonably good.
Except for the smallest MMA, surface pressures obtained from the
simulations are close to experimental curves. Deviations between
calculated and experimental values are within the error bars for the
simulated surface pressures. At the lowest MMA, calculated P
values are overestimated with respect to the experiment, sug-
gesting that the simulated systems are in a meta stable state. The
reason for this behavior is probably connected with coexistence of
LC and LE domains in the monolayers. Due to limited size and time
scale of the calculations this effect could not be captured in all-atom
MD simulations.
Both calculations and experimental measurements show that
the isotherm of MixPC system is shifted towards smaller MMA
upon addition of both DD or 2CLDD. Similar effect of the presence of
dioxin molecules was observed in the simulations of DPPC and
POPC systems with and without those impurities (the isotherms
are presented in Fig. S1 of the Supplementary Materials available
for this article). Such shift of the isotherms shows that the presence
of dioxins has an ordering inﬂuence on the monolayers. In general,
the inﬂuence of foreignmolecules on ordering of lipid chains can be
connected with two effects. The ﬁrst one is a condensing effect,
related to reduction of surface area available to the lipids. It results
in lipid compression and increased ordering. The second is con-
nectedwith perturbation of local environment of the chains, arising
from the presence of foreignmolecules. Depending on the nature of
impurities, this effect can be either ordering, or disordering. Inwhat
follows we will try to elucidate which of the above effects domi-
nates in the interactions between lipids and dioxin molecules
adsorbed in the monolayers.
3.2. MD simulations
Results obtained for monolayers without dioxins (pure DPPC,
pure POPC and MixPC systems) are similar to those reported in
other MD studies of phospholipid monolayers (Baoukina et al.,
2007; Huynh et al., 2014; Olzynska et al., 2016; Javanainen et al.,
2018). Snapshots from simulations of these systems are gathered
in Fig. S2 of Supplementary Materials. In brief, depending on MMA,
LE and LC phases can be observed in those monolayers. In our
previous simulations, employing TIP3P water model (Jorgensen
et al., 1983), in pure DPPC and MixPC systems gaseous (G) phase
was also observed at MMA 1.00e0.90 nm2 molecule1 (corre-
sponding to surface areas of 100 and 90 nm2, respectively). There is
some debate in the literature whether pore formation at these
relatively small MMA values is a physical effect or an artifact of the
force ﬁeld (Roke et al., 2003; Knecht et al., 2005; Baoukina et al.,
2007; Duncan and Larson, 2008; Nisoh et al., 2015). In this study
we observe that, in linewith the ﬁndings of Javanainen et al. (2018),
improved reproduction of g0 in the OPCwatermodel results in pore
closure and both pure DPPC and MixPC monolayers are continuous
and entirely in LE phase at MMA from 1.00 to 0.70 nm2 molecule1,
i.e. surface areas from 100 to 70 nm2 (Fig. S2a and S2e).
Due to bulky character of the lipid, pure POPCmonolayer is in LEphase at all surface areas examined here (100e60 nm2,
MMA¼ 1.00e0.60 nm2 molecule1). It is characterized by disor-
dered conformations of lipid chains, with large number of gauche
defects. Pure DPPC monolayer undergoes a phase transition to LC
phase at surface area between 70 and 60 nm2
(MMA¼ 0.70e0.60 nm2 molecule1) e number of gauche defects
gradually decreases and clusters of highly ordered lipid chains are
formed (70 nm2) and grow (60 nm2). At 55 nm2 DPPC monolayer is
entirely in LC phase (Fig. S2d). Alkyl chains adopt all-trans confor-
mations and tilt uniformly in the same direction. Most populated
tilt angle with respect to the monolayer normal is equal to 38.
MixPC monolayer exhibits an intermediate behavior between the
two one-component systems. At surface areas from100 to 70 nm2 it
is in LE phase. At 60 nm2 small, highly ordered clusters of DPPC,
surrounded with more disordered LE phase can be observed
(Fig. S2f). This can be regarded as initial stages of phase separation
observed both experimentally and in large-scale MD simulations
for mixed monolayers of DPPC with unsaturated phospholipids
(Baoukina et al., 2012; Keating et al., 2012). Pure LC phase is not
formed in this system, due to the presence of unsaturated chain in
POPC.
Eye examination of the trajectories obtained for the systems
containing DD and 2CLDD reveals that both dioxins readily adsorb
in the hydrophobic part of themonolayers, in accordancewith their
known lipophilic character. Even at the largest compressions, we
did not observe escape of dioxin molecules from the surface,
neither to the subphase, nor vacuum. However, behavior of DD and
2CLDD and their inﬂuence on themonolayers is different, especially
at large surface areas.
3.2.1. Monolayers with DD molecules
Eye examination of the recorded trajectories (selected repre-
sentative snapshots are gathered in Fig. S3 of Supplementary Ma-
terials) reveals that at large surface areas, i.e. 100e80 nm2, DD
molecules lie ﬂat on the boundary between hydrophilic and hy-
drophobic parts of all three monolayers. As surface pressure in the
monolayers increases, they lift up and attain an orientation in
which their long molecular axis is roughly perpendicular to
monolayer plane. These observations were conﬁrmed by distribu-
tions of tilt angles between long molecular axis of DD and mono-
layer normal (Fig. 2). For all three systems a maximum around 90
can be observed in weakly compressed states, demonstrating that
dioxin molecules preferentially orient ﬂatwise on the interface.
Such orientation most probably results from entropic factors, i.e. it
allows to maintain high entropy of tangled lipid chains. It results in
large surface area of DD molecules.
Upon compression dioxin molecules lift up - maxima in tilt
angle distributions move towards smaller values. In POPCþ DD and
MixPC þ DDmonolayers at 60 nm2 the most populated tilt angle of
DD equals to 23e25. In DPPC þ DD system at 60 and 55 nm2 DD
molecules tilt together with surrounding lipid chains, and the
maximum of tilt angle distribution appears at a larger value of
35e38. In these highly compressed states of DPPCþDD systemDD
molecules form linear structures in which they line up and tilt
uniformly in the same direction as the lipid chains (Fig. S3d and
S3g). In this way the disturbing inﬂuence of DD presence on the
monolayer is minimized. However, as will be shown below, pres-
ence of DD molecules still perturbs the monolayer to some extent,
because uniform tilt of the lipid chains is hindered.
In order to examine the location of DD molecules in the
monolayers density proﬁles along monolayer normal for various
system components X, rX(z), can be examined. Examples of such
proﬁles are shown in Fig. S4 of Supplementary Materials. A closer
look at panels (a-c) of Fig. S4 reveals that at low compression DD
molecules embed deeper in the hydrophobic region of monolayers
Fig. 2. Distribution of tilt angles between long molecular axis of dioxin molecules and monolayer normal. Top row: results for systems with DD molecules, bottom row: results for
systems with 2CLDD molecules. In systems containing 2CLDD, molecular axis is directed towards Cl atom. The curves have been subject to signal smoothing for clarity.
A. Stachowicz-Kusnierz et al. / Chemosphere 240 (2020) 1248506containing POPC than in the DPPC þ DD monolayer. This observa-
tion can be quantiﬁed by integrating the area under this part of the
density proﬁle of dioxin molecules, rDD(z), which does not overlap
with the density of water. The results of such calculation are shown
in Fig. 3a. It can be seen that at areas between 100 and 80 nm2 DD
molecules reside deeper in POPC þ DD monolayer than in
DPPC þ DD monolayer, with MixPC þ DD system exhibiting an
intermediate behavior. The explanation for this behavior comes
from interplay of two factors. Firstly, due to favorable van derWaalsFig. 3. Integrals of density proﬁles of DD (a) and 2CLDD (b) molecules in tinteractions, in DPPC monolayers saturated lipid chains align
temporarily even at large surface areas. This effect is smaller in
monolayers containing POPC due to presence of a double bond in
sn-2 chain of POPC. Sn-2 chains of POPC are kinked which results in
presence of empty spaces at the interface in monolayers containing
POPC. Secondly, spatial dimensions of DD molecules are compara-
ble to both “halves” of sn-2 chain of POPC, i.e. the two parts of sn-2
chain before and after the double bond. Namely, average di-
mensions of a DD molecule (measured as the distance between thehe hydrophobic region (see section 3.2.1 of the main text for details).
A. Stachowicz-Kusnierz et al. / Chemosphere 240 (2020) 124850 7outermost H atoms) are equal to c.a. 0.5 0.9 nm. On the other
hand, at the areas 100e80 nm2, average distance between C22 and
C29 atoms in POPC equals to c.a. 0.75 nm and that between C210
and C218 atoms equals to c.a. 0.85 nm. So DD molecules are small
enough to ﬁll the empty spaces created by the kinks in sn-2 chains
of POPC, especially when they are oriented perpendicularly to
monolayer normal. They usually locate under the kink and are
roofed over by sn-2 chains. Snapshots showing examples of such
structures for POPC þ DD and MixPC þ DD monolayers are pre-
sented in Fig. 4aed. This behavior changes in highly compressed
states, in which DD molecules reside deeper in DPPC þ DD
monolayer than in POPC þ DD or MixPC þ DD monolayers. This is
because in POPC þ DD or MixPC þ DD systems surface pressure is
much higher than in DPPCþDD system, because the latter forms LC
phase at low surface areas.
Although in two-component DPPC þ DD and POPC þ DD sys-
tems the effect described above may seem rather small, it has some
important consequences for the three component MixPC þ DD
monolayer. Namely, DD molecules preferentially locate in vicinity
of POPC rather than DPPC. In order to conﬁrm this observation we
have calculated the average number of carbon atoms belonging to
either DPPC or POPC lipid chains in the ﬁrst coordination shell of
DD molecules. The results are presented in Fig. 5a. It can be seen
that at all surface areas there are more carbon atoms from POPC
chains around DD molecules than from DPPC chains.
Due to their small size, DD molecules maintain high mobility in
the monolayers, even in the most compressed states. Average dis-
tances travelled by dioxin molecules during the last 70 ns of sim-
ulations were similar in all three systems, and varied between
6.8 nm at 100 nm2 and 2.8 at 60 nm2. Analysis of diffusion co-
efﬁcients was however difﬁcult, because MSD functions oftenFig. 4. Snapshots from the recorded trajectories illustrating the way in which lipid chains a
lipid chains (sn-1 and sn-2, only C atoms) e green, sn-1 chains of POPC (only C atoms) e gre
chains of POPC are highlighted with blue balls, headgroup atoms e yellow, DD and 2CLDDdeviated signiﬁcantly from linear dependence on time. The reason
for that may be connected with formation of small clusters of DD
molecules and, in the case of MixPC system, with preference of DD
molecules for POPC chains.
To examine what is the inﬂuence of DD molecules on the
properties of hydrophobic parts of the monolayers order parame-
ters (Smol) can be analyzed. Smol parameters are related to deute-
rium order parameters, as explained in equations (3) and (4) in
Materials and Methods Section. They attain values close to zero for
disordered lipid chains, with large number of gauche defects.
Maximum values of 1.0 are achieved for all-trans conformations,
with lipid chains directed parallel to monolayer normal. In order to
differentiate between the condensing and locally ordering effects
mentioned in the previous section, lipids in each monolayer were
divided in two groups: those close and far from DD molecules.
Lipids with any atoms within 0.5 nm distance from dioxin mole-
cules were included in the ﬁrst group. The remaining lipids were
assigned to the second group. Smol parameters were calculated in
each group individually. Results obtained for sn-2 chains in
DPPCþ DD, POPCþ DD andMixPCþ DDmonolayers are presented
in panels (a)e(d) of Fig. 6. Some complementary information con-
cerning lipid ordering can also be obtained from distributions of tilt
angles between lipid chains and monolayer normal or distances
between the ﬁrst (C22) and last (C216 or C218) carbon atoms in the
chains. Results of such calculations are shown in Fig. S5 and S6 and
Table S2 of Supplementary Materials.
Fig. 6 shows that in LE phase lipid ordering due to compression
is reﬂected in gradual increase of Smol values. In the case of DPPC
monolayer order parameters drop when LC phase is formed (at 60
and 55 nm2). This behavior is connected with uniform tilt of the
chains, i.e. lipid chains are in all-trans conformations but due torrange around DD (panels aed) and 2CLDD (panels eeh) molecules. Color code: DPPC
y, sn-2 chains of POPC (only C atoms) e blue, C9 and C10 atoms (double bond) in sn-2
e red, Cl atoms in 2CLDD e purple balls, water e cyan.
Fig. 5. Average number of carbon atoms from lipid chains in the ﬁrst coordination shell of dioxin molecules in MixPC þ DD (a) and MixPCþ2CLDD (b) monolayers as a function of
surface area.
Fig. 6. Order parameters for sn-2 lipid chains in pure (dotted lines) and dioxin containing systems at various surface areas. Top row (panels aed) e results for monolayers with DD
molecules, bottom row (panels eeh) e results for monolayers with 2CLDD molecules. In systems with dioxins, Smol values were calculated separately for lipids close to (solid lines)
and far from (dashed lines) dioxin molecules.
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reach the value of 1.0 (see tilt angle and chain length distributions
in Fig. S5 and S6). In the presence of DD molecules further lipid
ordering is observed. It is reﬂected in: increase of order parameters,
shift of tilt angle distributions to smaller angles and increase of
chain lengths. In all three systems examined here ordering inﬂu-
ence is larger for lipids far from DD molecules. This indicates thatthe source of ordering is condensation, connectedwith reduction of
surface area available to the lipids. This effect is most pronounced
for DPPC lipid chains in MixPC þ DD system. This observation can
be understood in terms of nonidealities in lipid mixing present in
MixPC systems and the preference of DD molecules for POPC
chains. As a result of this preference surface area of POPC-rich re-
gions increases, which causes additional compression of DPPC-rich
A. Stachowicz-Kusnierz et al. / Chemosphere 240 (2020) 124850 9regions in the monolayer.
In the case of lipids close to DD molecules order parameters
increase for the carbon atoms from the ﬁrst half of the chain, i.e. in
the regionwhere DD molecules are located, and drop in the second
half, because these parts of the chains bend in order to cover dioxin
molecules. As expected, this behavior is most pronounced for POPC
chains in POPC þ DD and MixPC þ DD systems. The largest inﬂu-
ence of DD presence can be observed in DPPC þ DD system at the
highest compression (60 and 55 nm2). Presence of dioxinmolecules
perturbs ordering of neighboring lipid chains and uniform tilt of the
remaining chains is blocked. It can be clearly seen in the distribu-
tion of tilt angles for lipids far from DDmolecules (Fig. S5), which is
shifted towards smaller values with respect to pure DPPC mono-
layer. This change of tilt angle is responsible for the observed in-
crease of Smol parameters in this group. For lipids close to DD
molecules order parameters decrease, distribution of tilt angles is
broadened, and the distribution of chain lengths is also wider and
signiﬁcantly shifted towards shorter distances with respect to lipids
far from the dioxin (see Fig. S6). This indicates that DD molecules
have a strong disordering inﬂuence on neighboring lipid chains.
In order to examine the inﬂuence of DD on lateral lipid
arrangement two dimensional radial pair distribution functions
between lipid chains were calculated for all three lipidic compo-
sitions. Except for the smallest surface areas we did not observed
any signiﬁcant changes in g(r) plots upon dioxin addition. In g(r)
function between DPPC chains inMixPCþ DD system at 60 nm2 the
height of the ﬁrst maximum was elevated with respect to MixPC
monolayer and the distance between consecutive maxima was
shortened (Fig. S7). g(r) functions between POPC chains or DPPC
and POPC chains did not follow this trend. Such behavior can be
ascribed to either condensing inﬂuence of DD molecules or pro-
motion of lipid de-mixing and formation of DPPC aggregates. Since
similar effect was not observed at other surface areas we conclude
that the ﬁrst explanation is more probable in this case. DD mole-
cules also did not affect lateral diffusion coefﬁcients of the lipids to
a large extent. No unambiguous trends could be elucidated from
changes of D values upon dioxin addition (Fig. S8). Changes in
average distance travelled by lipid molecules and position auto-
correlation functions for lipids also were within the range of
calculation errors. It can be concluded that, even at the relatively
large concentration examined in this study, DD molecules are too
small to affect lateral lipid motions to a considerable extent.
To probe the inﬂuence of DDmolecules on the headgroup region
of the monolayers, we have calculated distributions of tilt angles
between the headgroups and monolayer normal, average number
of water molecules in the ﬁrst hydration shell of various head-
groups components, thicknesses of headgroups and the interfacial
region, and integrals of radial pair distribution functions between N
and P atoms. Selected results of these calculations are presented in
Fig. S9-S11 of Supplementary Materials. No signiﬁcant changes in
the above mentioned properties were observed upon addition of
dioxin molecules to the monolayers.
3.2.2. Monolayers with 2CLDD molecules
Selected snapshots from simulation of monolayers with 2CLDD
molecules are gathered in Fig. S12 of Supplementary Materials.
From plots of distributions of tilt angles between long molecular
axis of 2CLDD and monolayer normal (Fig. 2def) it can readily be
seen that, in contrast to DD, 2CLDD molecules adopt vertical
orientation, with Cl atoms directed towards air, already at the
largest surface areas. The distributions exhibit distinct maxima in
the range of small values at all surface areas. For all three lipidic
compositions the positions of these maximamove from 52 to 57 at
100 nm2 to 27e30 at 70 nm2. In POPC þ DD and MixPC þ DD
systems at 60 nm2 maxima of tilt angle distributions are located at20. In the most compressed states of DPPCþ2CLDD system (60 and
55 nm2) maxima move to larger angles (39e40) because, similarly
to DD, 2CLDD molecules tilt together with surrounding lipid chains
(maxima of tilt angle distributions for lipid chains in this system
appear at c. a. 35, see Fig. S14). Density proﬁles along monolayer
normal for selected monolayer components at 100 and 60 nm2 are
presented in Fig. S13. They also demonstrate that, although the
density of 2CLDD O atoms overlaps with that of lipid carbonyl
groups, Cl atoms reside in the hydrophobic part of the monolayers
at all surface areas. Similarly to DD, 2CLDD molecules form linear
structures in DPPCþ2CLDD monolayer in LC phase.
Vertical orientation of 2CLDD molecules is responsible for
different behavior of this dioxin in the monolayers and its’ inﬂu-
ence on the lipids, especially at large surface areas (100-80 nm2).
First of all, 2CLDD molecules in this orientation no longer ﬁt under
the kink in sn-2 chains of POPC. Their average height, measured as
the distance between C10 atom and the lone pair located on the
chlorine atom equals to c.a. 1.0 nm. It is therefore larger than the
length of the two parts of sn-2 chains. For this reason POPC chains
do not roof over 2CLDD molecules. Instead, at large surface areas,
dioxin Cl atoms are exposed directly to vacuum. Examples of such
structures for POPCþ2CLDD and MixPCþ2CLDD are presented in
Fig. 4eeh. As a result, the preference of 2CLDD molecules for POPC
chains is much less pronounced than in the case of DD. Integrals of
density proﬁles of 2CLDD in the hydrophobic region (Fig. 3b) show
that 2CLDD molecules embed to a similar extent in all three
monolayers. For the same reason in MixPCþ2CLDD system prefer-
ence of 2CLDD for POPC chains was not observed. As can be seen
from Fig. 5b, carbon atoms from DPPC chains outnumber those
from POPC chains in the ﬁrst coordination shell of 2CLDD at 90, 80,
and 70 nm2.
Another consequence of vertical orientation of 2CLDDmolecules
is their lower mobility with respect to DD. In all three monolayers
average distance travelled by 2CLDDmolecules during 70 ns period
of simulation varies from 6.2 nm at 100 nm2 to 2.8 nm at 70 nm2. At
60 nm2 differences between monolayers emerge. In POPCþ2CLDD
and MixPCþ2CLDD systems, which are in LE phase, average dis-
tance travelled by 2CLDD is reduced to c.a. 2.0 nm2. In DPPCþ2CLDD
system, which is in LC phase, average distance reduces to 1.3 nm at
60 nm2 and 1.0 at 55 nm2. Therefore, behavior of 2CLDD molecules
follows behavior of lipids to a greater extent than DD molecules.
Similarly to DD containing systems, the inﬂuence of 2CLDD on
phase behavior of lipid chains can be analyzed via inspection of
order parameters and tilt angle or chain length distributions
calculated separately for lipids close and far from 2CLDDmolecules.
Smol parameters calculated for sn-2 lipid chains are gathered in
panels (e)e(h) of Fig. 6. Distributions of tilt angles between the
chains and monolayer normal, as well as distributions of distances
between C22 and C216/C218 atoms are presented in Fig. S14 and
S15 of Supplementary Materials, respectively. Changes in tilt
angle distributions are also summarized in Table S2. It can be seen
that at low compression (100-80 nm2) Smol values for lipids close to
dioxin molecules are elevated with respect to lipids far from 2CLDD
or pure monolayers. Distributions of tilt angles between lipid
chains and monolayer normal also shift to smaller angles for lipids
close to 2CLDD than for lipids far from dioxin molecules. Such
behavior indicates that, in addition to condensing effect observed
previously for DDmolecules, 2CLDD has a locally ordering inﬂuence
on neighboring lipid chains. We did not identify any speciﬁc in-
teractions between dioxin molecules and alkyl chains, which could
be responsible for the observed increase of lipid ordering. Analysis
of the magnitude of nonbonding contributions to the interaction
energy between dioxins and lipids reveals that changing H2
hydrogen atom to chlorine lowers van derWaals interaction energy
between dioxin and lipids by 20e30 kcal mol1 in each monolayer.
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and 1.0 kcalmol1, depending on surface area. Therefore, the
ordering inﬂuence of 2CLDD can be ascribed to non-speciﬁc van der
Waals interactions between chlorine atoms and alkyl chains, and
asymmetric structure of 2CLDD which results in its vertical orien-
tation, with small surface area and Cl atoms embedded in the hy-
drophobic part of the monolayers. Such orientation of dioxin
molecules leads to untangling of lipid chains, and in consequence to
increased ordering of the monolayer. When the monolayers are
compressed, differences between 2CLDD and DD containing sys-
tems decrease. From 80 nm2 the values of Smol parameters follow
the same trends as in the monolayers with DD molecules. This in-
dicates that, condensing effect connected with reduction of surface
are available to the lipids begins to dominate. Behavior of the most
compressed states of DPPCþ2CLDD system, is also similar to
DPPC þ DD monolayer. Namely, uniform tilt of lipid chains is
blocked, which leads to increased values of order parameters.
Similarly to the DD containing systems, we did not observe any
pronounced effect of 2CLDD presence on lateral lipid arrangement,
lateral diffusion coefﬁcients of lipids, or the headgroup region. Plots
of two-dimensional radial pair distribution functions between lipid
chains (Fig. S7) and lateral lipid diffusion coefﬁcients (Fig. S8)
overlapped to within the calculation error with those of mono-
layers without dioxins. Also, as shown in Fig. S9-S11 of Supple-
mentary Materials, the distributions of tilt angles between the
headgroups and monolayer normal, average number of water
molecules in the ﬁrst hydration shell of N, P, and carbonyl O atoms,
and integrals of radial pair distribution functions between N and P
atoms are almost identical to those observed in monolayers
without dioxins or with DD molecules.3.3. PM-IRRAS measurements
PM-IRRAS spectra recorded for pure MixPC and MixPC þ DD
systems at P¼ 30mNm1 are presented in Fig. 7. Results obtained
in these experiments are in agreement with observations derived
from MD simulations. In the region 2800-3000 cm1, correspond-
ing to stretching vibrations of aliphatic CeH bonds, two charac-
teristic peaks can be observed (Fig. 7, left panel). Namely,
symmetric methylene stretching vibration, ns(CH2), at c.a. 2860-Fig. 7. PM-IRRAS spectra recorded at 30mNm1 and characteristic vibrational
wavenumbers for MixPC (a), MixPC þ DD (b), and MixPCþ2CLDD (c) systems.2870 cm1, and antisymmetric methylene stretching vibration,
na(CH2), at c.a. 2920 cm1. It can be seen that in MixPC þ DD and
MixPCþ2CLDD systems positions of both ns(CH2) and na(CH2) peaks
are shifted towards smaller wavenumbers. Such behavior is char-
acteristic for increased chain ordering. On the other hand, behavior
of polar lipid headgroups can be probed by examining spectra in
the region 1650-1800 cm1, where the peak from stretching vi-
bration of lipid carbonyl groups, n(C]O), appears. The position of
this peak reﬂects the degree of headgroups hydration, in particular
H-bonding. As can be seen, no pronounced effect is observed upon
DD or 2CLDD addition to the monolayer (Fig. 7, right panel). The
above results conﬁrm that DD and 2CLDD molecules inﬂuence
mostly the hydrophobic part of the monolayer, inducing additional
lipid ordering.
4. Conclusions
In the present study interactions between a lung surfactant
model and two dibenzo-p-dioxins, namely dibenzo-p-dioxin and 2-
chlorodibenzo-p-dioxin, were examined. Both DD and 2CLDD
molecules are relatively small and highly hydrophobic. This study
demonstrates that in Langmuirmonolayer at high surface pressures
both of them attain vertical orientations which correspond to small
surface area. For these reasons both DD and 2CLDD accumulate in
the monolayer and are hard to remove, even at very large surface
pressures. In this aspect their behavior differs from that observed in
our previous study for another air pollutante benzo[a]pyrene (BaP)
(Stachowicz-Kusnierz et al., 2017). BaP molecules are larger than
dibenzodioxins and in our simulations we observed that they were
expelled from DPPC, POPC, and MixPC monolayers at high surface
pressures. Theywere therefore able to cross LS barrier and enter the
organism in an uncontrolled manner. This is not the case for DD or
2CLDD molecules. Even though the concentration of 10mol%
considered here is relatively high, all dioxin molecules remained in
the monolayers. LS may therefore be recognized as a good barrier
for uncontrolled uptake of airborne dioxin molecules into the body.
Behavior of dioxin molecules and their inﬂuence on the lipids
differ in LE and LC phases. In LE phase they are also different for DD
and 2CLDD molecules. At larger MMA, DD and 2CLDD molecules
exhibit a common condensing effect on all three monolayers. Its’
source is connected with reduction of the surface area available to
the lipids, resulting in additional compression of the lipids far from
dioxin molecules. In the case of 2CLDD, additional locally ordering
inﬂuence of dioxin molecules was observed at large MMAs. It
resulted from non-speciﬁc van der Waals interaction between the
chlorine atom and alkyl lipid chains. The increase of interaction
energy between dioxin molecules and lipids, when a hydrogen
atoms is replaced by chlorine, is in line with the known increase of
lipophilicity upon introduction of chlorine atoms to various bio-
logically active molecules, be they drugs (Gerebtzoff et al., 2004) or
organic pollutants (El-Shahawi et al., 2010). Due to favorable van
der Waals interactions between Cl atom and lipid chains and
asymmetric structure 2CLDD attain vertical orientations in the
monolayer already at low compression. This in turn leads to
untangling of lipid chains and increases ordering of the monolayer.
On the other hand, DD molecules at low compression orient ﬂat-
wise on the border between hydrophilic and hydrophobic parts of
the monolayers. Such orientation is favored entropically because it
preserves high entropy of tangles lipid chains. As a result DD
molecules occupy large surface area in the monolayer. In conse-
quence they display preference towards unsaturated lipid chains of
POPC e their small size enables them to locate in void spaces
created in the hydrophobic part of the monolayer by kinks in un-
saturated chains.
In LC phase formed by DPPC monolayer at low surface areas the
A. Stachowicz-Kusnierz et al. / Chemosphere 240 (2020) 124850 11inﬂuence of both dioxins on the lipids is similar e they strongly
perturb ordering of neighboring lipid chains. Their presence also
blocks alignment and uniform tilt of the remaining chains. How-
ever, in the case of DD it can be expected that this effect will not
have signiﬁcant biological consequences for functioning of LS, since
DD molecules preferentially locate in vicinity of POPC, i.e. in LE
phase. As a ﬁnal conclusion, it can be stated that adsorption of
dibenzodioxins examined here is a good example of how well LS
manages with small, hydrophobic impurities adsorbed from air.
The role of POPC seems especially important for this purpose. By
accommodating pollutant molecules in void spaces in the hydro-
phobic part of the monolayer POPC precludes them from perturb-
ing formation of LC phase which is crucial for achievement of near-
zero surface tension. Also, while cycling between the surface and
surface associate reservoirs, material from LE phase is subject to
surfactant repair processes, such as detachment from the surface
and clearance, e.g. bymacrophages (Wright, 1990; Agassandian and
Mallampalli, 2013; Olmeda et al., 2017). In this manner dibenzo-
dioxins could be intercepted by the immune system of the
organism.
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